Planarians are attractive animals in which various questions related to the central nervous system (CNS) can be addressed, such as its origin and evolution, its degree of functional conservation among different organisms, and the plasticity and regenerative capabilities of neural cells and networks. However, it is first necessary to characterize at the gene expression level how this CNS is organized in intact animals. Previous studies have shown that the planarian brain can be divided into at least three distinct domains based on the expression of otd/Otx-related genes. In order to further characterize the planarian brain, we have recently isolated a large number of planarian neuralspecific genes through DNA microarrays and ESTs projects. Here, we describe new molecular domains within the brain of intact planarians by the expression of 16 planarian neural-specific genes, including the putative homologues of protein tyrosine phosphatase receptor, synaptotagmin VII, slit, G protein and glutamate and acetylcholine receptors, by in situ hybridization in both whole-mount and transverse sections. Our results indicate that planarian otd/Otx-positive domains can be further subdivided into distinct molecular regions according to the expression of different neural genes. We found differences at the gene expression level between the dorsal and ventral sides of the brain, along its antero-posterior axis and also between the proximal and distal parts of the brain lateral branches. This high level of regionalization in the planarian brain contrasts with its apparent simplicity at the morphological level. q
Results and discussion
Because of their simple body structure and great regenerative capabilities (for recent reviews on planarian regeneration, see: Agata and Watanabe, 1999; Newmark and Sánchez-Alvarado, 2002) , freshwater planarians (Platyhelminthes, Tricladida) can be a useful model for studying several processes concerning the nervous system: (i) the probable common origin of the centralized nervous system of vertebrates and invertebrates Nübler-Jung, 1996, 1999; Finkelstein and Boncinnelli, 1994; Agata et al., 1998) ; (ii) the degree of functional conservation among common neural genes isolated from different species; and (iii) identification of the genes and genetic programs responsible and necessary for the complete regeneration of the brain and the neural network that takes place in these animals after a traumatic amputation or the naturally occurring fission.
The planarian central nervous system (CNS) consists of an anterior brain and two longitudinal ventral nerve cords (VNC), which might be considered as distinct structures based on both morphological and molecular data (Agata et al., 1998; Tazaki et al., 1999; Cebrià et al., 2002) . The planarian brain is formed by two lobes connected by a single anterior commissure. Each cephalic lobe can be divided into a central structurally spongy region, positive for the expression of DjotxB (Umesono et al., 1999) , and nine lateral branches that extend to the head margins, where a homologue of the otp genes is expressed (Umesono et al., 1997) . In the brain spongy region, planarian DjotxA is expressed medially in the region where the visual axons project. DjotxA is also expressed in the visual cells located dorsal to the brain (Umesono et al., 1999) .
High level of conservation among planarian neural genes
In order to characterize the planarian CNS at the gene expression level, we have analyzed by in situ hybridization the expression patterns of 16 neural genes isolated from DNA microarrays (Nakazawa et al., unpublished results) and ESTs project (Mineta et al., unpublished results) . Table 1 summarizes the clones used, their putative homologues and their expression patterns in intact animals. Most of them show high sequence similarity to neural genes isolated from other organisms such as synaptotagmin, protein tyrosine phosphatase receptor or acetylcholine receptors. As an example of this amino acid conservation, Fig. 1 shows a comparison between two ionotropic glutamate receptors isolated from planarian (clones 1008HH (named DjGluR1) and 1406HH (named DjGluR2)) and other glutamate receptor subunits from different species.
Three main categories of brain-expressed genes
The neural genes expressed in the planarian brain can be classified into three main categories according to their expression pattern (Fig. 2) . Some genes, such as the homologues of protein tyrosine phosphatase (PTP) receptor (clone 517HH) and neural cell adhesion molecule (N-CAM) (clone 944HH), are highly expressed throughout the brain, including the central spongy region and the lateral branches ( Fig. 2A,E ). These two genes are also expressed in the VNC. Other genes, such as the homologues of glutamate receptor (clone 1008HH) and GTP-binding protein (clone 1791HH), are specifically expressed in the brain branches ( Fig. 2I,M) . Finally, two genes with no sequence similarity to known proteins are expressed in the central spongy region of the brain and no positive signal for them is detected in the lateral branches (Fig. 2Q,U) . To better understand at the structural level how all these neural cells are organized within the planarian CNS, we analyzed histological transverse sections obtained at three different levels along the antero-posterior axis of the brain (eye, intermediate and posterior regions). Clones 517HH and 944HH are expressed in a large number of neural cells located at all levels along the brain and in both its dorsal and ventral sides (Fig. 2B-D , F-H). These transverse sections also clearly show that the neural cell bodies are mainly located in the periphery of the brain and the VNC, which can be morphologically distinguished from the brain in a more ventral position (Fig. 2D , H). Clone 517HH is also expressed in the visual cells (Fig.  2B ). Clones 1008HH and 1791HH are both specifically expressed in the brain lateral branches; however, their expression patterns are not completely identical. Clone 1008HH is highly expressed all along the branches (Fig.  2J -L) whereas clone 1791HH shows higher expression in the distal part of the branches ( Fig. 2N-P) . Finally, for clones 1020HH and 53E, the number of positive cells in the brain spongy region is lower than the number for clones 517HH and 944HH, especially in the anterior half of the brain (Fig. 2R , S, V, W). In the eye region, these two unknown genes are expressed in a few cells located in the dorsal side of the brain (Fig. 2R, V) . Moreover, clone 53E is also expressed in the visual cells (Fig. 2V ). In the intermediate and posterior regions, clone 1020HH is expressed in both the dorsal and ventral sides of the brain (Fig. 2S, T) , whereas clone 53E is mainly expressed in the dorsal side ( Fig. 2W-X) , indicating that there are differences between the dorsal and ventral sides of the brain at the gene expression level. Another difference between these two clones is that clone 1020HH is expressed in cells located in the central portion of the spongy brain region whereas clone 53E-positive cells can be found not only in the same region as clone 1020HH but also more laterally within the spongy region and closer to the root of the lateral branches (compare Fig. 2T, X) . Clearly, these two genes are not expressed in the brain branches or the VNC. It should be pointed out, however, that they are also expressed in some cells located close to (1020HH, Fig. 2Q ) or around (53E, Fig. 2U ) the VNC.
Other genes, including putative homologues of synaptotagmin and acetylcholine receptors, show similar patterns to those of clones 517HH and 944HH, as they are generally expressed along the CNS (Fig. 3 ).
Neural genes with specific expression patterns
The in situ hybridizations in Fig. 4 show that a wide variety of expression patterns are found for neural genes in the planarian CNS. Thus, for example, clone 793E (unknown) is strongly expressed in the brain spongy region and the VNC but weakly expressed in the brain branches; clone 3491HH (synaptotagmin VII) is expressed in the brain spongy region and in the distal part of the lateral branches but not in the proximal part; clone 1247HH (slit) is highly expressed in the VNC of the cephalic region; and clone Fig. 1 . Partial sequence alignment of putative proteins encoded by planarian glutamate receptor genes DjGluR1 and DjGluR2 with other glutamate receptors using ClustalW. The partial sequences compared contained four hydrophobic regions (underlined), three of which have been predicted to be transmembrane domains (Hollmann et al., 1994) . The DjGluR1 and DjGluR2 genes have been deposited in the DDBJ under the accession numbers AB081754 and AB081755, respectively.
Fig. 2. In situ hybridization for clones 517HH (A-D), 944HH (E-H), 1008HH (I-L), 1791HH (M-P), 1020HH (Q-T) and 53E (U-X). The schematic drawings
show the localization of the positive cells in the whole-mount animals as well as the three levels along the A-P axis from which the transverse sections were obtained. Panel Y shows a histological transverse section of planarian head region containing the brain (asterisk) and its lateral branches (arrow) obtained as described in Agata et al. (1998) . Neuronal cell bodies are located in the periphery of the brain. In (D, H, L, P, T and X), the brain spongy region is marked by an asterisk, the lateral brain branches by an arrow and the VNC below the brain by a white arrowhead. In B and V, a black arrowhead indicates the positive visual cells expressing clones 517HH and 53E, respectively. Scale bar for A, E, I, M, Q and U: 1 mm; C, G, K, O, S and W: 0.4 mm; Y: 0.3 mm.
1406HH (glutamate receptor) is specifically expressed in the brain spongy region.
In summary, we have shown that the previously described planarian brain domains (central spongy region, lateral branches and visual system) defined by the expression of otd/Otx-related genes (Umesono et al., 1997 (Umesono et al., , 1999 can be further subdivided into more specific molecular regions based on the expression patterns of recently isolated neural-specific genes. These patterns reveal that the planarian brain shows a high degree of molecular regionalization. The future functional analysis of these genes in intact and regenerating animals by RNA interface (Sánchez-Alvarado and Newmark, 1999; Pineda et al., 2000) should give new insights into CNS evolution and function.
Experimental procedures

Animals
We used a clonal strain of the planarian Dugesia japonica, originally obtained from the Iruma river (Gifu, Japan) and previously established in our laboratory. Planarians 4-6 mm in length were starved for 2 weeks before being used.
In situ hybridization
Planarians were treated in 2% hydrochloric acid in Holtfreter's solution for 5 min at 48C and then fixed in Carnoy's solution for 2 h at 48C. Hybridization was carried out at 558C for 36 h using about 20 ng/ml digoxygenin (DIG)-labeled riboprobes, as described in Umesono et al. (1997) and Agata et al. (1998) . Images were obtained using an AxioCam digital camera (Zeiss) adapted to a Zeiss Stemi 2000-C microscope (for whole-mount figures), or an Olympus BX62 microscope (for transverse section figures). 
